VARIABLE RELUCTANCE MOTOR WITH 
REDUCED NOISE AND VIBRATION 

Field of the Invention 

The present invention relates to a method and apparatus for reducing the level of 
noise produced by a variable reluctance motor. More particularly, the present invention 
relates to a variable reluctance motor having air gaps on opposite sides of a stator that are 
adjusted to reduce the level of noise created during the operation of the motor. 

Background of the Invention 

Variable reluctance motors are used as direct drive motors for machines that 
perform repeated applications requiring a high degree of accuracy. These motors include 
phase assemblies and elongated stators that control the movement of tools such as robotic 
arms and placement heads along a first axis and a second axis. During the operation of 
some conventional pick-and-place machines, the phase assemblies and stators move 
relative to each other via electromagnetic propulsion. The relative movement between 
each phase assembly and its stator causes the robotic arm or placement head to move from 
a first position to a second position. However, this position-to-position movement must be 
completed with a high degree of precision and at a high velocity under varying load 
conditions. 

Excessive audible noise is a drawback to many variable reluctance motors. This 
excessive noise is generated during the relative movement between the phase assemblies 
and the stators. Numerous attempts have been made in the prior art to reduce the decibel 
levels of this audible noise. These include adjusting the frequency, application time and/or 
magnitude of an electrical current applied to each phase assembly. However, these 
attempts have not been successful for one reason or another. For example, at the high 
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speeds that many of these machines achieve during their operation, there is no time for 
multiple pulses to be applied to the components of a particular phase assembly. As a 
result, pulse width modulation is not an effective solution. 

Attempts have also been made to reduce the noise by improving the manufacturing 
accuracy of the motors. In general, previous variable reluctance motors have attempted to 
prevent the excessive noise by designing, manufacturing and assembling variable 
reluctance motors as accurately as possible. However, it has been found that even with 
great care, it is difficult to reliably reduce noise and vibration to the levels desired during 
actual use. In addition, manufacturing the components of these motors within the small 
tolerances that were believed to eliminate the excessive noise is very expensive. 
Moreover, it is only after the motor has been assembled and used that the level of noise 
and vibration produced are determined. Therefore, a manufacturer may have spent a large 
sum of money and manufacturing time only to arrive at a motor that does not operate with 
reduced noise levels. 

Summary of the Invention 

To overcome the drawbacks of the prior art, the present invention includes a 
variable reluctance motor comprising a phase assembly including first and second phase 
modules. The first phase module is positioned opposite to and spaced apart from the 
second phase module. The motor also comprises a stator that extends between the first 
and second phase modules such that air gaps are formed between die stator and each phase 
module. The motor further includes at least one positioning system. The positioning 
system is configured to adjust the size of the gaps in order to adjust the level of noise 
produced by the motor. 
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Brief Description of the Figures 

Figure 1 is an isometric view of a variable reluctance linear motor with top plate 
removed, including a modular phase assembly according to the present invention; 

Figure 2 is a partial exploded isometric view of the phase assembly shown in 
Figure 1 ; 

Figure 3 is a planar view of opposing C-core laminations of a phase unit between 
which a stator lamination is interposed in the motor of Figure 1; 

Figure 4 is an isometric view of a phase module of a phase unit in the assembly of 
Figure 1 ; 

Figure 5 is a partially exploded isometric view of the phase assembly of Figure 1; 

Figure 6 is an isometric view of the stator shown in Figure 1 ; 

Figure 7 is a planar view of a phase unit in the variable reluctance motor of Figure 

l; 

Figure 8 is a cross sectional view of the variable reluctance motor of Figure 1; 
Figure 9 shows a voltage waveform, applied to the motor phase coils, that is used 
for motor balancing; and 

Figures 10A and 10B illustrate the compliant shaft according to the present 

invention. 

Detailed Description of the Figures 

It has been found that one of the sources of elevated motor noise lies in the 
unbalance of the internal motor forces. The present invention therefore relates to a method 
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and apparatus for adjusting the gap in each of the motor phase units and thus reducing the 
noise of the variable reluctance motor. 

Figure 1 illustrates a motor 100 that includes a stator (stator bar) 10L In one 
embodiment, the motor LOO is a linear variable reluctance motor used with a machine that 
receives and positions components on a substrate. Such machines are commonly referred 
to as "pick-and-place machines" and are disclosed in U.S. Patent Nos. 5,852,869 and 
5,649,356. Although the present invention is described with respect to a pick and place 
machine, its use is not limited only to these machines. Instead, in alternative 
embodiments, the motor 100 is used with other machines that require high force 
movements that must be completed with a high degree of accuracy. Additionally, in one 
embodiment, the motor 100 is a linear, variable reluctance motor that comprises at least 
one phase unit as discussed below. 

In addition to stator 101, the motor 100 also comprises an armature 111 that moves 
relative to the stator along a predetermined path of motion. In one embodiment, the 
armature 1 1 1 is a linearly slidable portion that includes a phase assembly 102, as discussed 
below. Alternatively, in another embodiment of the variable reluctance motor, the 
armature is a rotary assembly. 

In an embodiment illustrated in Figure 1, the armature 111 includes a slidable 
phase assembly 102 that moves relative to the stator 101 in response to the application of a 
generated force. In Figure 1, the stator 101 is fixed in position and the phase assembly 
102 moves along the length of the stator 101 in a direction parallel to a first axis during the 
operation of the motor 100. In an alternative embodiment, the phase assembly 102 moves 
along the stator 101 in a second axis. When motion is required along both the first axis 
and the second axis, the machine (not shown) includes a first phase assembly that moves 
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relative to a first stator in a direction parallel to the first axis and a second phase assembly 
moves relative to a second stator in a direction that extends parallel to the second axis. 

In a first embodiment, the phase assembly 102 comprises three phase units 121- 
123. However, in a second embodiment, the phase assembly 102 includes only two phase 
units. In other alternative embodiments, the motor 100 includes between four and seven 
phase units. Still other embodiments include more than seven phase units, the maximum 
number of phase units being limited by size and cost considerations. 

Each phase unit 121-123 comprises two opposing paired phase modules 131, 132; 
205, 202; 206, 203, respectively. These phase modules are substantially identical and 
secured to base and top housing plates 104, 105 in substantially mirror image positions so 
that a fixed distance extends between the paired phase modules. The stator 101 and air 
gaps 812, 813 separate the opposing phase modules 131, 132; 205, 202; 206, 203 of each 
phase unit 121-123 from each other. The phase modules each comprise a core 201 of 
stacked core phase modules or laminations 250 having teeth 150 and flux funnel grooves 
160. 

The core stack 201 has a substantially C shape and comprises a plurality of C-core 
laminations 250 as sho\m in Figures 3 and 4. Additionally, each phase module includes a 
pair of shafts 280-291, a bobbin 180 and a wire coil 140 having at least one winding 
around the bobbin 180. The number of windings changes depending upon the amount of 
flux that is needed. In one embodiment, the bobbin 180 is formed of a non-conductive 
material. One such non-conductive material is a plastic. 

As shown in Figure 2, each boss 1 10 in the base and top plates 104, 105 includes a 
plurality of wells 111 for receiving and securely retaining a pair of shafts 280-291 that 
extend through and outwardly from each stack 201 of C-core laminations 250 for each 
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phase module. In one embodiment, each phase module is retained in the plates 104, 105 
by press fitting its respective shafts 280-291 into the wells 111 of the base plate 104 and 
the top plate 105. In an alternative embodiment, the phase modules are adhered to the 
base plate 104 and the top plate 105 using a non-conductive epoxy. In yet another 
embodiment, the phase modules are secured to the base plate 104 and top plate 105 by 
threaded fasteners. In one embodiment, the threaded fasteners include bolts. In a second 
embodiment, the threaded fasteners include screws. The base and the top plates 104, 105 
are configured to provide fixed locations for placement of phase modules and stator guide 
bearings 112. 

As shown in Figure 1, the stator 101 is positioned within its respective phase 
assembly 102 between &e paired phase modules by at least one set of stator positioning 
members 112. In the illustrated embodiment, the stator positioning members comprise 
stator guide bearings 1 12 that contact and apply a locating pressure to the first and second 
rails 401, 402 of the stator 101. The stator guide bearings 112 rotate relative to their 
respective phase assembly 102 as the stator 101 and modular phase assembly 102 move 
relative to each other during the operation of the motor 100. As discussed below, the 
stator guide bearings 112 adjust the location of the stator 101 so that air gaps 812, 813, 
shown in Figure 7, are formed on either side of the stator 101. As seen in Figure 3, each 
air gap 812, 813 extends between the stator 101 and one of the phase modules. In one 
embodiment, the air gaps 812, 813 have the same size. 

A shaft 319 extends between each pair of cooperating guide bearings 112. Each 
shaft 3 19 is secured to base and top housing plates 104, 105 so that each guide bearing 1 12 
is securely held against movement in a direction parallel to the length of shaft 319. As 
seen in Figure 5, each gaido bearing 1 1 2 is securely positioned in a preformed boss 1 1 0 in 

B&W 00702.00017 6 
U1C170/1/US 



the base housing plate 104 and/or the top housing plate 105. In one embodiment, each 
guide bearing includes a known ball bearing arrangement. Each boss 110 is integrally 
formed with its respective housing plate 104, 105. The designations "top" and "bottom" 
are for reference purposes only and are not intended to be limiting on the position of the 
housing plates or the orientation of the phase assembly 102. 

As shown in Figure 2, the base and top housing plates 104, 105 are in planes that 
extend parallel to each other and comprise the housing of the modular phase assembly 
102. End pieces 106, ass shown in Figure 1, are attached to the base housing plate 104 and 
the top housing plate 105. In one embodiment, the end pieces 106 include oil-saturated 
felt wipers (not shown) that lubricate the rails 401, 402 of the stator 101 for low friction 
rolling engagement with stator guide bearings 112. In another embodiment, the end pieces 
106 support a motion brake sensor of the type described in U.S. Patent No. 5,828,195 and 
entitled "Electronic Brake for a Variable Reluctance Motor." 

In order to reduce noise, the position of each phase module 131, 132; 205, 202; 
206, 203 is adjusted relative to the stator 101. It has been found that this adjustment 
reduces the amount of vibration and acoustic created during the operation of the variable 
reluctance motor. 

The relative position of the stator 101 to each phase module of a pair of phase 
modules is adjusted by positioning system 300, as illustrated in Figure 5. For ease of 
explanation, the positioning system 300 will be explained in combination with only one 
set of paired, opposing phase modules 131 and 132. However, this discussion is also 
applicable to the positioning systems 300 used with each set of paired, opposing phase 
modules within the mo tor 100. 
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As shown in Figures 5 and 8, each phase module 131, 132 includes its own 
positioning system 300. In an alternative embodiment, only one of these phase modules 
includes a positioning system 300. As a result, the singular positioning system 300 would 
be located only on one side of the stator 101. In this alternative embodiment, the next, 
adjacent phase unit also includes only one positioning system 300. However, the adjacent 
positioning system 300 is positioned on the opposite side of the stator 101 from the first 
positioning system 300. 

Each positioning system 300 includes the compliant shaft 319 that extends axially 
through the center of stator guide bearings 112 and is received in housing plates 104, 105. 
In one embodiment of the invention, the compliant shaft is formed of a stainless steel. In 
an alternative embodiment, the positioning systems 300 each include a pair of shafts 319 
that extend through respective stator guide bearings 112. Each compliant shaft 319 
includes seven sections 320-323 as seen in Figures 10A and 10B that permit it to be flexed 
under pressure, even when its ends are held in a stationary position. The first and seventh 
sections 320 form the ends 325 of each shaft 319. Both ends 325 include an inwardly, 
axially extending screw 326 and a press fit cap 327. The sections 321 inside each press fit 
cap 327 have a slightly smaller diameter than the press fit cap 327 and the bearing section 

322. The diameter of each section 321 is between about five mils and three mils smaller 
than the diameter of sections 320 and bearing sections 322. Bearing section 322 is located 
just to the inside of section 321. The bearings 1 12 are positioned and secured in bearing 
section 322. In one embodiment, the bearings 1 12 are slip fit on the bearing sections 322. 
A neck 325 having a diameter that is substantially the same size as section 321 and smaller 
than the diameter of section 322 extends from the bearing section 322 to the center section 

323. Along with the materials used for shaft 319, the reduced diameter of sections 321 
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and neck 325 permit the shaft 319 to flex in the direction of the stator 101 so that the 
bearings 112 apply a force to the stator 101 and move it relative to the C-core stacks 201. 
As discussed below, the center section 323 includes a threaded bore 650 for receiving a 
threaded screw 601 that creates the force that flexes the sections of shaft 319 in order to 
adjust the size of the air gaps 812, 813 between the stator 101 and the C-core stacks 201. 

The bearing shafts 319 are fixed in a substantially equal relative position to the C- 
cores of phase modules 131, 132 in order to initially establish equal sized air gaps between 
the stator 101 and the stacks 201 of the phase modules 131, 132 when the motor 100 is 
assembled. However, due to the tolerances associated with the fabrication and assembly 
process of the motor 100, a dynamic unbalance of the internal forces between the stator 
and its related phase modules is present and the vibration and noise of the motor will be 
unnecessarily high when the motor 100 is operated. 

The size of each air gap 812, 813 is adjusted, in other words, fine tuned, by 
positioning system 300 after the motor 100 has been fully assembled in order to reduce the 
level of noise produced. This is accomplished by repositioning the stator 101. The shape 
of the compliant shaft 319 and its flexible nature assures that a controlled preload is 
provided for positioning the bearing 112 against the stator 101 so that the bearings 1 12 are 
forced into contact with the rails 401, 402 after the motor has been assembled. In one 
embodiment, the stator guide bearings 112 are conventional ball bearings that include a 
portion that rotates around the compliant shaft 319. The compliant shaft 319 is fitted into 
a preformed compliant shaft well 199. 

As illustrated in Figure 5, the positioning system 300 also includes an adjustment 
screw 601. The screw 601 is threadably received in and extends through a stationary 
reference plate 610, 61 1 that is secured to plates 104, 105. Base housing plate 104 and top 
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housing plate 105 have preformed reference plate wells 180 for receiving the stationary 
reference plates 610, 611 and preventing any relative movement between the plates 610, 
611 and the plates 104, 105. For the clarity of the explanation, only plate 610 will be 
discussed. However, this discussion is equally applicable to plate 611. 

As mentioned above, adjustment screw 601 is used to change the relative size of 
the air gaps 812, 813 between the stator 101 and the phase modules. The threaded end of 
screw 601 is received in a threaded bore 650 in compliant shaft 319. Adjustment screw 
601 is held in place by an associated holding screw 605 and washer 606 that overlap the 
recessed head of screw 601. When the screw 601 is rotated so that the shaft 319 moves in 
a direction away from the stator 101, the pressure applied by the guide bearings 112 is 
released and the statoir 101 moves in the direction of the phase module containing the 
rotated screw 601. 

In an alternative embodiment, the distance between each phase module and the 
stator 101 is adjusted by sliding each core stack 201 along the plates 104, 105. This 
arrangement permits the adjustment of the distance between each individual stack 201 and 
the stator 101 so that the desired sized air gaps 812, 813 are formed. In another 
embodiment, the entire modular phase assembly 102 is slidably mounted to the plates 104, 
105 so that it laterally shifts relative to the stator 101 in a direction perpendicular to the 
length of the stator 101 when the air gap sizes are adjusted. 

Another alternative embodiment for adjusting the air gaps 812, 813 between each 
C-core stack 201 and the stator 101 includes sliding the shaft 319 relative to the stator 101 
and the plates 104, 105. In this embodiment, the block 610 or shaft 319 slides along the 
plates 104, 105 in the direction of the stator 101 or away from the stator 101. This is 
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accomplished by advancing or retracting the screw 601 through a threaded bore in the 
block 610. 

Methods for reducing the noise created by motor 100 are discussed below. One 
method includes a first step of applying an AC current to only one of the phase units and 
measuring the noise level using conventional noise meters. Second, a mechanical 
adjustment is made to move the stator 101 by turning screw(s) 601 to a position at which 
the noise generated by the motor phase unit approaches a minimum. The lowest 
achievable noise level will differ from motor to motor. Third, the above steps are 
performed for every phase unit in the motor. 

Fourth, the above steps are performed again for all phase units until every phase 
unit is adjusted and no further adjustment is deemed necessary. This step is performed 
because an adjustment to a later adjusted phase unit may affect the alignment that was 
already achieved for a previously adjusted phase unit. 

Another method for reducing noise levels includes measuring the inductances 
within the phase assembly. The relative positions of the phase modules to the stator 101 in 
each phase unit are then adjusted as discussed above until the inductances in each coil 140 
on opposing phase modules are balanced. The optimum position of the stator 101 is 
achieved when the inductance of the coil 140 on one side of the stator is the same as the 
inductance of the coil 140 on the opposite side of the stator for the same phase unit. 

In addition to measuring the noise level or inductance of the coils of each phase 
module, methods for reducing acoustic noise and vibration include, without being 
exhaustive, physically measuring the size of the air gap between a phase module and a 
stator and comparing that measurement with that of the other air gap of the opposing phase 
module in the same phase unit. In a first embodiment, the size (distance) of the air gaps is 
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measured using optical measuring equipment. In an alternative embodiment, mechanical 
measuring equipment is used. The measurements are then compared to detect a gap size 
imbalance that will produce noise and vibration during use. However, measuring the air 
gaps is not as effective or as efficient as measuring the noise or determining the inductance 
of opposed phase modules, as discussed above. 

While the above description contains many specifics, these should not be construed 
as limitations on the scope of the invention, but rather as an exemplification of one 
preferred embodiment thereof. Other variations are possible. Accordingly, the scope of the 
present invention should be determined not by the embodiments illustrated above, but by 
the appended claims and their legal equivalents. 
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